The catalytic properties of Al 2 O 3 -supported vanadia with a wide range of VO x surface density (1.4-34.2 V/nm 2 ) and structure were examined for the oxidative dehydrogenation of ethane and propane. UV-visible and Raman spectra showed that vanadia is dispersed predominately as isolated monovanadate species below ~2.3 V/nm 2 .
Effect of Catalyst Structure on Oxidative Dehydrogenation of Ethane and Propane on Alumina-Supported Vanadia

ABSTRACT
The catalytic properties of Al 2 O 3 -supported vanadia with a wide range of VO x surface density (1.4-34.2 V/nm 2 ) and structure were examined for the oxidative dehydrogenation of ethane and propane. UV-visible and Raman spectra showed that vanadia is dispersed predominately as isolated monovanadate species below ~2.3 V/nm 2 .
As surface densities increase, two-dimensional polyvanadates appear (2.3-7.0 V/nm 2 ) along with increasing amounts of V 2 O 5 crystallites at surface densities above 7.0 V/nm 2 .
The rate constant for oxidative dehydrogenation (k 1 ) and its ratio with alkane and alkene combustion (k 2 /k 1 and k 3 /k 1 , respectively) were compared for both alkane reactants as a function of vanadia surface density. Propene formation rates (per V-atom) are ~8 times higher than ethene formation rates at a given reaction temperature, but the apparent ODH activation energies (E 1 ) are similar for the two reactants and relatively insensitive to vanadia surface density. Ethene and propene formation rates (per V-atom) are strongly influenced by vanadia surface density and reach a maximum value at intermediate surface densities (~8 V/nm 2 ). The ratio of k 2 /k 1 depends weakly on reaction temperature, indicating that activation energies for alkane combustion and ODH reactions are similar.
The ratio of k 2 /k 1 is independent of surface density for ethane, but increase slightly with vanadia surface density for propane, suggesting that isolated structures prevalent at low surface densities are slightly more selective for alkane dehydrogenation reactions. The ratio of k 3 /k 1 decreases markedly with increasing reaction temperature for both ethane and propane ODH. Thus, the apparent activation energy for alkene combustion (E 3 ) is much lower than that for alkane dehydrogenation (E 1 ) and the difference between these two activation energies decreases with increasing surface density. The lower alkene selectivities observed at high vanadia surface densities are attributed to an increase in alkene adsorption enthalpies with increasing vanadia surface density. The highest yield of alkene is obtained for catalysts containing predominantly isolated monovanadate species and operated at high temperatures (~800 K) with reactor designs that avoid homogeneous reactions by minimizing residence time in areas without catalyst.
INTRODUCTION
Low molecular weight alkenes, such as ethene and propene, can be formed via non-oxidative dehydrogenation of the corresponding alkane. Non-oxidative dehydrogenation reactions are endothermic and lead to the concurrent formation of carbon and of lower molecular weight alkanes, both of which decrease alkene yields.
Oxidative dehydrogenation (ODH) of light alkanes offers a potentially attractive route to alkenes, since the reaction is exothermic and avoids the thermodynamic constraints of non-oxidative routes by forming water as a byproduct. In addition, carbon deposition during ODH is eliminated, leading to stable catalytic activity. However, the yield of alkenes obtained by ODH on most catalysts is limited by alkene combustion to CO and CO 2 (CO x ) (see Chapter 1).
Previous studies have shown that supported vanadia is the most active and selective simple metal oxide for alkane ODH, because its reducible nature leads to rapid redox cycles required for a catalytic turnover [1] [2] [3] [4] [5] . Other studies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 
The effects of VO x surface density and structure on rates and selectivities for ethane and propane ODH reactions have been previously reported [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , with somewhat inconsistent results. For example, for ethane ODH on VO x /γ-Al 2 O 3 catalysts, the vanadia surface density that produces the highest ethane and ethene rates per V has been variously
Scheme. Primary and secondary reaction pathways in oxidative dehydrogenation of ethane.
reported to occur at ~33% [9] , ~50% [7] , or ~70% [2] of the polyvanadate monolayer coverage. As another example, the variation of propene selectivity with vanadia surface density has been reported to be insignificant over a range of 1.7-3.9 V/nm 2 [2, 17] or quite significant, varying by ~20%, over this same range of vanadia surface densities [13] for measuring spectra at ambient temperature between 1 and 5 eV. The Kubelka-Munk function (F(R ∞ )) was used to convert diffuse reflectance data into absorption spectra using MgO as a standard [22] . The absorption edge energy was estimated from xintercept of a linear fit in the near-edge region in a plot of (F(R ∞ )hν) ½ as a function of hν [22] .
Raman spectra were obtained using a Hololab Series 5000 Raman spectrometer Reaction rate and selectivity data were measured in a packed bed flow reactor with plug-flow hydrodynamics [24] . VO Conversion and selectivity were calculated from the measured GC compositions.
These data were used to calculate reaction rates from the reactant and product molar flow rates. The reaction rates and selectivities as a function of residence time were used to obtain initial alkane dehydrogenation and combustion reaction rates and the rate constants in the Scheme. The sequence in the Scheme can be used to obtain the k 1 and k 2 rate constants from the initial alkene selectivity:
and k 3 from the observed changes in alkene selectivity with residence time
τ, residence time C V , concentration of V atoms per reactor volume as described in detail elsewhere [12] .
RESULTS AND DISCUSSION
Catalyst Characterization
BET surface areas and apparent VO x surface densities, estimated from the Vcontent and the BET surface areas, are shown in the Figure 1b . The low-energy absorption edge decreases in energy with increasing surface density, approaching values typical of bulk V 2 O 5 (2 eV) [25] . The edge energies based on the second linear portion of the near edge region are higher than those based on the first linear portion and appear to be independent of the vanadia surface density. Absorption edge energies above 2.5 eV are attributable to V 5+ in distorted tetrahedral coordination [25] . Thus, UV-visible spectroscopy suggests that V 5+ is present in distorted tetrahedrally coordinated species at low vanadia surface densities and that some of these tetrahedrally coordinated cations remain at higher surface densities, coexisting with an increasing fraction of V 5+ present in distorted tetragonal pyramidal coordination, similar to that present in V 2 O 5 [25] . (Fig. 3a) reflects a slight inhibition of ethane dehydrogenation rates by the water formed during reaction [21] , as reported previously for propane reactions [14, 29, 30] . The decrease in ethene selectivity with increasing residence time (Fig. 3b) arises from secondary ethene oxidation reactions (Scheme). Data acquisition methods similar to those described for ethane ODH were used to obtain the propane ODH data. The conversion and selectivity trends displayed in Figure 3 for ethane ODH are similar to those observed for propane ODH, as described in more detail elsewhere [13, 14] . Figures 4a and 4b show the effect of vanadia surface density on the initial rate of alkene formation per V atom (extrapolated to zero residence time). For both ethane and propane reactants, these apparent turnover rates reach a maximum at intermediate vanadia surface densities. The maximum rate is reached at a surface VO x density of ~8 V/nm 2 for both reactants, and this maximum rate is about four times greater than that obtained on the VO x /Al 2 O 3 sample with the lowest surface density (1.4 V/nm 2 ). Welldispersed monovanadate species prevalent in the latter sample are significantly less active than oligomeric VO x structure that appear as the vanadia surface density increases. The rate per V-atom increases with surface densities, even though V-atoms become increasingly unavailable for catalysis as three-dimensional structures form. Thus, the surface reactivity of VO x increases even more markedly with surface density than suggested by the data in Figure 4 . For a given VO x surface density, the apparent turnover rates for propane reactants is ~8 times higher than for ethane, but the effects of vanadia surface density and the higher surface reactivity of the VO x oligomers are observed for both alkane reactants. These areal rates increase with increasing surface density and approach nearly constant values for vanadia surface densities higher than 10 V/nm 2 , as also found for propane ODH on VO x /ZrO 2 [31] . The constant areal rate obtained after completion of a polyvanadate monolayer suggests that the surface reactivity of VO x species becomes independent of domain size once the predominant structures involve V-O-V bonds. catalysts [19] , and the methylene C-H bonds in propane are considerably weaker than the methyl C-H bonds in ethane (401 kJ/mol vs. 420 kJ/mol), a lower activation energy is expected for propane than for ethane dehydrogenation reactions. Therefore, other factors must account for the equivalence of the activation energies for ethane and propane ODH.
One of these factors may be the stability of the alkyl radical formed upon C-H bond activation. A higher stabilization energy for ethoxidespecies relative to isopropoxide species could compensate for the differences in C-H bond energies in the transition state involved in C-H bond activation and lead to similar activation energies for the two alkane reactants. 
CO
The ratios of rate constants for alkane direct combustion and dehydrogenation (k 2 /k 1 ) are shown in Figure 8 as a function of VO x surface density. For ethane, k 2 /k 1 is essentially independent of VO x surface density, but this ratio increases with increasing VO x surface density for propane reactants. For ethane, k 2 /k 1 is weakly dependent on temperature, while for propane, k 2 /k 1 is essentially independent of temperature on all samples, indicating that the activation energies for alkene and CO x formation directly from alkanes (E 1 and E 2 ) are very similar (Figure 9 ). The differences between these two activation energies (∆E 12 = E 1 -E 2 ) are small, positive, and independent of VO x surface density for ethane, but change from positive to negative with increasing VO x surface density for propane ODH. These trends are consistent with the observed trends in k 2 /k 1 shown in Figure 8 . Figure 10 shows ratios of rate coefficients for alkene combustion and alkane dehydrogenation (k 3 /k 1 ). For both reactants, k 3 /k 1 increases with increasing VO x surface density and decreases with increasing temperature on all samples. This is consistent with a lower activation energy for alkene reactions (E 3 ) than for alkane reactions (E 1 ). This activation energy differences (∆E 13 = E 1 -E 3 ) decreases for both alkanes with increasing VO x surface density (Figure 11) , consistent with trends shown in Figure 10 . E 1 values decrease very slightly with increasing surface density; thus, the observed changes in ∆E 13 arise almost exclusively from an increase in the value of E 3 with increasing VO x surface density. Changes in alkene adsorption enthalpies may account for the observed increase in alkene combustion activation energies (E 3 ) with increasing vanadia surface density. The sample with the lowest vanadia surface density (1.4 V/nm 2 ) and containing predominately monovanadates shows the highest initial alkene selectivity for both ethane and propane ODH. Increasing vanadia surface density either has no effect or decreases initial alkene selectivities. The ratio of k 2 /k 1 is independent of surface density for ethane and increase with increasing vanadia surface density for propane ( Figure 8 ). The ratio of k 3 /k 1 increases with increasing vanadia surface density for both reactants ( Figure 10 ).
Smaller values of k 3 /k 1 and k 2 /k 1 lead to higher alkene selectivity at all reactant conversion levels. As a result, the 1.4 V/nm 2 catalyst is the most selective for both alkanes. However, the alkene formation rates (per V-atom) for the 1.4 V/nm 2 catalyst are ~4 times lower at a given reaction temperatures compared to the 8.0 V/nm 2 catalyst (Figure 4 ), but the rate difference can be overcome by increasing reaction temperatures.
The ratio of k 2 /k 1 is relatively independent of reaction temperature, and the value of k 3 /k 1 actually decreases with increasing temperature for both reactants, leading to an increase in alkene selectivity with increasing reaction temperature. Therefore, the alkene yield can be maximized using a catalyst covered with dispersed monovanadate species, operated at high reaction temperature. The maximum operating temperature is determined by the onset of homogeneous reactions.
CONCLUSIONS
The rate and selectivity of ethane and propane ODH on VO x /Al 2 O 3 catalysts depend on the vanadia surface densities and reaction temperature. Ethane ODH at zero conversion is ~75% selective to ethene and insensitive to vanadia surface density, while initial propene selectivities during propane ODH approach 90% at low vanadia surface densities, but decrease with increasing vanadia surface density. The ratio of k 2 /k 1 is relatively independent of both reaction temperature and vanadia surface density for ethane ODH. The ratio of k 2 /k 1 is independent of reaction temperature, but increases with increasing vanadia surface density for propane ODH. However, k 3 /k 1 is generally higher for propane than for ethane ODH, indicating that the propene is more reactive relative to propane than ethene is to ethane. The activation energies for ethane and propane ODH, E 1 , and ethane and propane combustion E 2 , are similar in magnitude at ~115 ± 20 kJ/mol and show weak dependence on vanadia surface density. The propene formation rate is ~8 times larger than the ethene formation rate at 663 K, suggesting that that the stabilization energy for ethoxide species may be higher relative to isopropoxide in the activated state. The apparent activation energy for alkene combustion, E 3 , is ~60-90 kJ/mol and increases with vanadia surface density, leading to a decrease in ∆E 13 with increasing vanadia surface density. The trends in E 3 and ∆E 13 appear to be caused by decreasingly exothermic alkene adsorption as vanadia surface density increases. Alkene selectivity generally increases with increasing reaction temperature and with decreasing vanadia surface density. Therefore, the highest olefin yields are obtained on catalysts containing isolated monovanadates and operated at the highest possible reaction temperature consistent with the avoidance of homogeneous reactions.
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